Understanding the mechanisms that control human cardiomyocyte proliferation might be applicable to regenerative medicine. We screened a whole genome collection of human miRNAs, identifying 96 to be capable of increasing proliferation (DNA synthesis and cytokinesis) of human iPSC-derived cardiomyocytes. Chemical screening and computational approaches indicated that most of these miRNAs (67) target different components of the Hippo pathway and that their activity depends on the nuclear translocation of the Hippo transcriptional effector YAP. 53 of the 67 miRNAs are present in human iPSC cardiomyocytes, yet anti-miRNA screening revealed that none are individually essential for basal proliferation of hiPSC cardiomyocytes despite the importance of YAP for proliferation. We propose a model in which multiple endogenous miRNAs redundantly suppress Hippo signaling to sustain the cell cycle of immature cardiomyocytes.
INTRODUCTION
Mammalian cardiomyocytes (CMs) divide during fetal life, but proliferation ceases perinatally (Li et al., 1997) . Consequently, the adult myocardium retains only negligible ability for endogenous repair following injury. The control of the CM cell cycle is poorly understood but is considered a possible route to achieve therapeutic regeneration of pediatric and adult hearts (Mercola et al., 2011) .
MicroRNAs (miRNAs) are a class of small noncoding RNAs that regulate gene expression at the post-transcriptional level by degrading their target mRNAs and/or inhibiting their translation. miRNAs control nearly all biological processes, including cardiac development, function, and disease (Callis et al., 2009; Chen et al., 2008; Porrello et al., 2011; Sayed and Abdellatif, 2011; van Rooij et al., 2009 ). Previous studies demonstrated that forced overexpression of certain synthetic miRNAs can promote rodent ventricular CM proliferation (Chen et al., 2013; Eulalio et al., 2012) . In particular, miR-590-3p and miR-199-3p can stimulate adult CM proliferation with partial restoration of cardiac mass and function after myocardial infarction, thus revealing the potential of miRNAs in heart regeneration in adult mice (Eulalio et al., 2012) . miRNAs and their targets are poorly conserved across species; therefore, the degree to which miRNAs control human CM replication, and the critical pathways they regulate, are unknown. Identifying the basis for human immature CM proliferation could have important implications to understanding certain congenital disorders involving disturbances in myocardial proliferation (Mollova et al., 2013) , such as noncompaction and hypoplastic left heart syndrome, and reactivate proliferation therapeutically in quiescent postnatal or adult CMs.
In this study, we performed a large-scale screen of miRNA mimics to define those that are capable of stimulating DNA synthesis and cell division of human induced pluripotent stem cell-derived CMs (hiPSC-CMs). The pro-proliferative miRNAs revealed by this screen overlapped only minimally with those previously shown to stimulate rodent CM proliferation (Eulalio et al., 2012) . Computational and functional studies showed that most of the pro-proliferative miRNAs act by targeting the Hippo/YAP pathway, which is an evolutionarily conserved regulator of organ growth and size (Yu and Guan, 2013) . Hippo and its cytoplasmic signal transduction pathway suppress cell proliferation by inhibiting the transcriptional activity of YAP/TAZ proteins (Yu and Guan, 2013) , and blocking Hippo can reactivate proliferation and induce cardiac regeneration in the adult heart (Lin et al., 2014; von Gise et al., 2012; Xin et al., 2011) . In immature induced pluripotent stem cell-derived CMs (iPSC-CMs), we found that mRNAs encoding most Hippo pathway components were recruited to the RNA-induced silencing complex (RISC), implicating tight miRNA control of the pathway. Moreover, of the 67 Hippo pathway regulating miRNAs identified herein, two (miR302-367 and miR-17-92) have been shown to induce cardiac regeneration (Tian et al., 2015) . None of the pro-proliferation miRNAs were found to be essential for iPSC-CM cell division, although more than 50 are present in immature CMs and YAP is required for their basal rate of proliferation. We speculate that this apparent functional redundancy indicates that multiple endogenous miRNAs suppress Hippo and activate YAP to sustain the proliferative state of immature CMs.
RESULTS

Multiple miRNAs Stimulate hiPSC-CM Cell Division
To identify miRNAs that control the proliferation of human CMs, we screened a library of 875 synthetic human miRNA mimics for the ability to induce hiPSC-CMs to proliferate. The overall approach included the independent functional evaluation of DNA duplication (Figure 1 ) and cytokinesis (Figure 2) .
For the primary screen ( Figure 1A ), synthetic miRNA mimics were transferred to plates previously seeded with hiPSC-CMs for forward transfection. After 8 days, the cells were co-stained for the CM marker sarcomeric a-actinin and the nucleoside analog of thymidine 5-ethynyl-2 0 -deoxyuridine (EdU), which is incorporated into newly synthesized DNA. The incidence of double-positive EdU + , a-actinin + cells was quantified using an automated algorithm ( Figure 1B ) (Supplemental Experimental Procedures). The screen results are depicted as a volcano plot relating the activities (x axis) of the individual miRNAs and the corresponding p values (y axis) ( Figure 1C ). 128 miRNA mimics increased the incidence of EdU incorporation in hiPSC-CMs above a threshold of >50% of that achieved by the positive control miRNA, hsa-miR-590-3p (Eulalio et al., 2012) , which was assigned a value of 100% (p < 0.05; Benjamini false discovery rate [FDR] < 0.13). Rescreening through a dose range (20 to 1.25 nM) yielded 127 miRNAs as statistically significant enhancers of CM DNA duplication (p < 0.05; Benjamini FDR < 0.03) (Figures 1D  and 1E; Table S1 ). A secondary assay was developed to identify those miRNAs that promoted cytokinesis, in addition to stimulating CM DNA synthesis. For that purpose, we adapted a carboxyfluorescein succinimidyl ester (CFSE) dilution method previously used in flow cytometry (Figure 2A ) (Filby et al., 2015) . In this assay, the fluorescent intensity of cytoplasmic labeling with CFSE is progressively halved following each cell division and quantified in the cytoplasm of a-actinin + hiPSC-CMs, creating a bona fide index of the duplication rate (see Experimental Procedures). Using this assay to filter the primary screen hits also removed any miRNAs that promoted endo-reduplication or polyploidization, both of which occur in CMs. Of the 127 miRNA mimics selected, 96 significantly increased cytokinesis over the basal rate achieved with an inert negative control miRNA (p < 0.05; Benjamini FDR < 0.07) ( Figure 2B ). To verify that the effect was caused by cell division, nocodazole, a microtubule polymerization inhibitor that blocks cytokinesis, eliminated all miRNA-induced cytokinesis, demonstrating the specific effect of these miRNAs for cell division ( Figure 2C ; summarized in Figure 2D ). Proliferation-Inducing miRNAs Converge on a Limited Set of Target Pathways miRSystem software (Lu et al., 2012) predicted that the 96 proproliferative miRNAs target 15,776 genes, out of which 12,953 are expressed in hiPSC-CMs (CM expressed [CE] ). Using Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources (Huang et al., 2009a (Huang et al., , 2009b , 4,776 of these CE candidate target genes were mapped onto Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, resulting in 32 possible signaling pathways with Benjamini FDR < 0.05 ( Figure 3A ; Table S3A ).
To focus on proteins and pathways that are relevant to CM proliferation, we rescreened the EdU proliferation assay against 160 well-characterized small molecule kinase inhibitors, each with known target space (Gao et al., 2013) . Because kinases are prominent intracellular signaling nodes, a kinase inhibitor screen would discriminate relevant from irrelevant signaling pathways. The screen yielded 103 inactive, 36 inhibitory, and 21 inducing compounds ( Figure S2 ; Table S2 ). Because miRNAs act by suppressing translation of their mRNA targets, the kinases that are uniquely inhibited by the inactive and inhibitory compounds (targeting 71 and 43 proteins, respectively) are unlikely to be targets of the pro-proliferative miRNAs and therefore were removed from the protein set ( Figure 3A ). The 54 protein kinases targeted by the inducer compounds were retained ( Figure 3A ). This functional screening approach to KEGG pathway enrichment reduced the number of candidate signaling pathways targeted by the miRNAs from 32 to 8 (Benjamini FDR < 0.05), namely, thyroid hormone (TH), phosphatidylinositol (PI), estrogen (E2), protein kinase G (cGMP)-PKG, adrenergic, Wnt, Notch, and Hippo pathways ( Figure 3A ; see Table S3B for the complete list of pathways). Previous work has shown functional interconnectedness within these key pathways: Hippo/ YAP is regulated by adrenergic signaling (Yu et al., 2012) . Suppression of Hippo signaling (which causes nuclear translocation and activation of YAP) ( Figure 3B ) promotes CM proliferation partly by de-repressing Wnt (Heallen et al., 2011) and activating Notch (Campa et al., 2008; Collesi et al., 2008; Irvine, 2012) pathways. Therefore, we focused our subsequent target analysis of the screen data on Hippo signaling.
Small interfering RNA (siRNA) knockdown of YAP decreased the incidence of EdU incorporation. Conversely, siRNA knockdown of LATS1 (a Hippo pathway component and a negative regulator of YAP) increased EdU incorporation in hiPSC-CMs ( Figure 3C ), suggesting that Hippo/YAP is an important regulator of the basal rate of proliferation.
We evaluated whether the individual miRNAs modified the subcellular localization of YAP. 84 of the 96 pro-proliferative miRNAs increased the ratio of nuclear to cytoplasmic localized YAP ( Figure 3D ), providing evidence that these miRNAs act on or proximal to the Hippo/YAP pathway. Furthermore, siRNA against YAP blocked the ability of 70 of the 96 miRNAs to stimulate EdU incorporation in hiPSC-CMs ( Figure 3E ; validation of the YAP knockdown is shown in Figure S3 ). Altogether, 67 of the 96 pro-proliferative miRNAs increased nuclear localization of YAP and depended on YAP for their proliferation-inducing activity ( Figure 3F ; Table S3C ).
Possible Redundant Control of Hippo by Endogenous miRNAs
The preceding gain-of-function experiments revealed 67 miRNAs that can stimulate hiPSC-CM proliferation in a YAP-dependent manner. Because siRNA against YAP decreased the basal rate of hiPSC-CM proliferation ( Figure 3C ), we asked whether endogenous miRNAs might sustain proliferation. Of the 67 YAP-dependent pro-proliferation miRNAs, 53 are expressed in hiPSC-CMs as shown by RNA sequencing (RNA-seq) profiling and were examined by selective knockdown with locked nucleic acid (LNA) antisense miRNAs (anti-miRs). None of the individually transfected 53 anti-miRs blunted EdU incorporation ( Figure 4A ; Table S4A ) relative to that observed either upon transfection of a negative control LNA antisense RNA (selected for lack of homology to any miRNA; see Experimental Procedures) or to mock transfection conditions (data not shown). However, one anti-miR caused an 23 increase that was at the threshold (Benjamini FDR < 0.05 of significance) ( Figure 1D ; Table S1 ). None of the anti-miRs diminished the basal ratio of nuclearto-cytoplasmic localized YAP ( Figure S4 ). Altogether, these data suggest that none of the miRNAs are individually required to sustain the level of nuclear YAP or the basal rate of proliferation.
The computationally predicted targets of the 67 miRNAs, including the 53 expressed in hiPSC-CMs (asterisks in Figure 4B) , indicate a remarkable degree of redundancy among the miRNAs for components of the Hippo pathway. Every protein of the core pathway is predicted to be targeted by multiple miRNAs expressed in hiPSC-CMs, with a bias for inhibiting proteins that would activate YAP (indicated by green in the heatmap representation), and each miRNA is predicted to target multiple components ( Figure 4B ). For example, miR-520d-3p predicted targets are FAT2, FAT4, FRMD6, NF2, TAOK1, TAOK2, LATS2, and TEAD1; miR-590-3p predicted targets are FAT1, FAT3, FRMD6, MOBKL1A, YAP, and TEAD; and in the case of miR-17 family members, 14 proteins from the Hippo pathway are repressed by these miRNAs (FAT2, FAT3, FAT4, FRMD6 , NF2, TAOK1, TAOK2, TAOK3, MST2, SAV1, LATS2, MOBKL1A, TEAD1, and TEAD3).
Finally, we asked experimentally whether core Hippo pathway components are under control by endogenous miRNAs. miRNAs suppress protein production by recruiting target mRNAs to the RISC, where they associate with Argonaute (Ago) proteins. Argonaute immunopurification (AgoIP) followed by RNA-seq allows the unbiased, comprehensive identification of miRNA target genes . AgoIP/RNA-seq of normal, untransfected hiPSC-CMs showed that mRNAs encoding 22 of 25 core Hippo pathway components are present in RISC (Figure 4C) , using a Benjamini FDR cutoff of 0.05 to call significant regions. See Table S4B for the complete dataset of the peaks enriched by AgoIP relative to control immunoglobulin G (IgG) immunopurification. Most transcripts exhibited multiple AgoIP/ RNA-seq peaks (relative to control IgG), indicating multiple sites of miRNA:mRNA interaction. Table S2 ), 114 unique protein targets of inactive and inhibitory compounds were excluded from the DAVID-based KEGG pathway set, decreasing the total number of candidate protein targets from 4,776 to 4,662. The number of candidate signaling pathways (Benjamini FDR < 0.05) decreased from 32 to 8 (see Tables S3A and S3B Table S3C for the complete dataset). (F) Venn diagram showing the total number of proliferation-inducing miRNAs (67) that increased the nuclear translocation of YAP (D) and whose activity depends on YAP (E).
DISCUSSION
Our initial functional screen revealed, upon overexpression, 96 synthetic human miRNAs that can promote DNA synthesis and cytokinesis in hiPSC-CMs. To identify pathways responsible for mediating the proliferative effect of the miRNAs, we filtered the computationally predicted target set by removing kinases that are uniquely inhibited by small molecule kinase inhibitors that do not induce proliferation ( Figure 3A ; Table S2 ). Although this decreased the number of predicted proteins in the DAVID KEGG database by only 114 (from 4,776 to 4,662), it had a disproportionate effect on signaling pathways (decreasing the number from 32 to 8) because of the prevalence of kinases as signaling mediators ( Figure 3A ; Table S3 ). In addition to Hippo/ DCHS1  DCHS2  FAT1  FAT2  FAT3  FAT4  FRMD6  WWWC1  NF2  TAOK1  TAOK2  TAOK3  MST1  MST2  SAV1  LATS1  LATS2  MOBKL1A  MOBKL1B   YAP  TAZ   TEAD1  TEAD2  TEAD3  TEAD4   miRNA miR-93-5p miR-296-5p miR-331-3p miR-30d-3p miR-30e-5p miR-551b-3p miR-17-5p miR-33b-3p miR-520d-3p miR-302a-5p miR-873-5p miR-877-5p miR-188-3p miR-106b-5p miR-939-5p miR-651-5p miR-551a miR-769-5p miR-629-3p miR-30d-5p miR-577 miR-20a-5p miR-149-3p miR-425-5p miR-101-3p miR-130a-5p miR-1207-5p miR-124-3p miR-520g-3p miR-140-3p miR-200a-3p miR-302e miR-1914-3p miR-1228-3p miR-30a-3p miR-151a-5p miR-1249 miR-331-5p miR-933 miR-639 miR-539-5p miR-515-3p miR-421 miR-302f miR-611 miR-139-3p miR-301b miR-623 miR-590-3p miR-199a-5p miR-1227-3p miR-523-3p
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YAP, Wnt and Notch pathways were represented. Suppression of Hippo signaling de-represses Wnt/b-catenin target genes that contribute to CM proliferation (Heallen et al., 2011) . Similarly, suppression of Hippo is a potent activator of Notch signaling (Irvine, 2012) , which has a well-defined role in sustaining immature CM proliferation (Campa et al., 2008; Collesi et al., 2008) , together indicating that Wnt and Notch act downstream of Hippo. In contrast, adrenergic signaling has been reported to act upstream to regulate Hippo/YAP (Yu et al., 2012) . Other pathways were TH, PI, E2, and cGMP-PKG, which have documented roles in hypertrophy and apoptosis (Francis, 2010; Matsui et al., 2003; Ojamaa, 2010; van Eickels et al., 2001) . Because most miRNAs (84/96) induced nuclear translocation of YAP, we focused our efforts on Hippo/YAP. An unexpected finding was that most these miRNAs (67/84) required YAP for their proliferative activity.
Although many of the miRNAs that regulate Hippo are expressed in hiPSC-CMs (53), none were found to be essential to sustain the basal rate of proliferation when knocked down individually ( Figure 4A ). This contrasts with knockdown of YAP, which decreased basal iPSC-CM proliferation ( Figure 3C ). Furthermore, none of the individual LNA anti-miRNAs blocked YAP translocation ( Figure S4 ), indicating that YAP was still active in the presence of the anti-miRNAs. From these data, we infer that multiple endogenous miRNAs might redundantly converge on Hippo signaling to activate YAP and robustly sustain proliferation.
A limitation of this work, common to overexpression studies, is that transfected miRNAs or siRNAs can distort the profile of endogenous miRNAs loaded into RISC (Khan et al., 2009) , potentially generating false negatives and positives. In addition, it is not technically feasible to simultaneously attenuate all predicted Hippo-targeting miRNAs, thus preventing direct experimental confirmation of the model that endogenous miRNAs redundantly suppress the Hippo pathway. Nonetheless, the idea of redundant regulation is corroborated by computational data predicting that nearly all components of the pathway are targeted by the proliferation-inducing miRNAs ( Figure 4B ) and the experimental finding that mRNAs encoding most Hippo/ YAP pathway components in immature iPSC-CMs are normally present in RISC ( Figure 4C ; Table S4B ). The concept that multiple miRNAs redundantly suppress a common biological process to stabilize a system against physiological challenge has been substantiated by mathematical modeling (Lai et al., 2016) . In addition, our data predict that both positive and negative regulators of YAP are under miRNA control and, in some cases, by the same miRNA or miRNAs with similar seed sequences ( Figures  4B and 4C ). Other biological examples in which miRNAs may buffer pathway activity by simultaneously dampening expression of positive and negative regulators include the miR-26 family, which targets both pro-and anti-tumorigenic targets, and miR-143/145, which both positively and negatively regulate transcription factors involved in smooth muscle proliferation and differentiation (Mendell and Olson, 2012) . In both miR-26 and miR-143/145, cell context dictates which phenotype predominates.
In summary, we identified 96 miRNAs capable of promoting hiPSC-CM proliferation upon overexpression. There is only minimal overlap between these miRNAs acting in human CMs and those from a similar screen performed using rodent CMs, even when comparing miRNAs that are evolutionarily conserved ( Figure S1 ). A lack of correlation is consistent with the evolutionary divergence of the mRNA sequences recognized by miRNAs (Berezikov, 2011) . Several murine studies have suggested that inhibition of Hippo can reactivate proliferation and induce cardiac regeneration in the adult heart (Lin et al., 2014; von Gise et al., 2012; Xin et al., 2011) , including by overexpression of two miRNAs (miR-302-367 and miR-17-92) (Tian et al., 2015) . This concept is relevant to both adult and pediatric disease. Our data indicate that the same process might occur in humans, although the miRNAs will likely differ between species.
EXPERIMENTAL PROCEDURES
Further details and an outline of resources used in this work can be found in Supplemental Experimental Procedures.
MicroRNA Screening and Primary and Secondary Analysis hiPSC-CMs were purchased from Cellular Dynamics International (CDI). Cells were plated on 384-well plates coated with gelatin and forward transfected with miRNA mimics (Applied Biosystems) using RNAiMAX (Life Technologies) in triplicate, with 10 nM each miRNA. For primary screening, the cells were assayed for EdU incorporation. Image acquisition was performed using an automated, high-content screening fluorescent microscope (InCell Analyzer 1000, GE Healthcare) at 103 magnification. 16 images were acquired per wavelength, well, and replicate, corresponding to approximately 4,000 cells analyzed per condition. Image analysis was performed using custom algorithms written using GE Healthcare Software Developer Toolbox v.1.9.
For secondary screening, cells were cultured in the presence of 5 mM CellTrace CFSE (Life Technologies) before transfection and then cultured for another 4 days and imaged. Imaging was performed using a high-content fluorescent microscope (IC200-KIC, Vala Sciences) and analyzed using CyteSeer software (Vala Sciences). CE mRNAs and miRNAs were as described (SuperSeries [mRNA + miRNA], GSE60293; mRNA expression array, GSE60291; and miRNA-seq, GSE60292).
Kinase Inhibitor Screen for EdU Incorporation
Cells were treated with the InhibitorSelect 384-well Protein Kinase Inhibitor Library (EMD Millipore) using 4 replicates for each compound and following the same protocol as for the primary screen. Final concentration of compounds ranged from 0.5 to 5 mM (depending on the original concentration in the master plate from EMD Millipore), and DMSO was used as internal control. Fluorescent immunochemistry, image acquisition, and analysis were performed as for the primary screen. Targets of the kinase inhibitors are published (Gao et al., 2013) .
siRNAs and Transfection of hiPSC-CMs
To evaluate the effect of the Hippo signaling pathway on hiPSC-CM proliferation, cells were plated and cultured as previously described in the 384-well plate format. One week after plating, they were forward transfected with 50 nM siRNA negative control, siRNA against YAP (ON-TARGETplus SMARTpool siRNA/ YAP1, Dharmacon/GE Healthcare), or siRNA against LATS1 (ON-TARGETplus/ LATS1, Dharmacon/GE Healthcare) using DharmaFECT 1 transfection reagent (Dharmacon). The target sequence of siYAP is 5 0 -GCACCUAUCACUCUC GAGA-3 0 . The target sequence of siLATS1 is 5 0 -GGUGAAGUCUGUCUAG CAA-3 0 . After 4 days of transfection, 10 mM EdU was added into the media and, after 4 days incubation, cells were fixed and processed for fluorescent immunochemistry, image acquisition, and analysis as described earlier.
Statistics
Data are presented as mean ± SD of the mean. Unpaired Student's t test was performed to determine statistical differences. The Benjamini-Hochberg method was used to determine the FDR.
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